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GROUND-WATER AVAILABILITY FROM A DUNE-SAND AQUIFER 
NEAR COOS BAY AND NORTH BEND, OREGON

By M. A. Jones 

ABSTRACT

A dune aquifer located on the Oregon coast near the communities of Coos 
Bay and North Bend is a 19.5-square-mile deposit of dune and marine sand of 
Holocene age. Presently (1987), about 5 million gallons per day is pumped 
from the aquifer for industrial and public supplies. The effects of 
increased ground-water pumpage from the aquifer to meet increasing demands 
for water are uncertain.

A multilayer numerical model was used to simulate ground-water flow in 
the dune aquifer and the position of the interface between the freshwater and 
underlying seawater. The model was calibrated using annual-averaged data, 
and used to simulate the long-term effects of different pumping alternatives 
on ground-water levels and interface positions. Model simulations indicate 
that 10 million gallons per day could be pumped with little risk of seawater 
intrusion into the dune aquifer. Although model simulations indicate that a 
maximum of 17 million gallons per day could be pumped without causing 
intrusion into the dune aquifer, the risk of intrusion associated with 
pumping this quantity over time is uncertain. Pumping 17 million gallons per 
day is equivalent to 45 percent of the average annual recharge of 38 inches 
per year.

Simulation indicates that the probability of present day (1987) pumpage 
causing seawater intrusion into the dune aquifer can be reduced by 
redistribution of withdrawals. Some pumpage from an existing north-south 
line of wells on the west side of the area would be transferred to an 
existing line of wells on the east side of the study area.

INTRODUCTION

The coastal communities of Coos Bay and North Bend are located along the 
southwestern coast of Oregon (fig. 1). Municipal and industrial water 
supplies for these two communities come from surface-water reservoirs and 
from ground-water wells located in the Oregon dunes adjacent to the two 
communities. About 5 million gallons per day was pumped from the aquifer for 
public and industrial supplies during 1987. Water use from the dune aquifer 
is 60 percent for industry and 40 percent for municipal and domestic use. 
This supplies all the water for industry located in the dune area, but only 
40 percent of the municipal and domestic needs of the two communities. The 
other 60 percent of municipal and domestic need comes from surface-water 
reservoirs that are located to the southeast of the dune area.

Industrial and urban growth are increasing the demand for water in the 
area; however, the effects of increased ground-water development in the dune 
area are uncertain. The U.S. Geological Survey, in cooperation with the Coos 
Bay-North Bend Water Board (hereafter referred to as the Water Board), began 
a study to determine the quantity of ground water that could be developed in 
the area and to estimate the effects that increased ground-water withdrawals 
would have on ground-water levels and on seawater intrusion. This study was 
part of a broader study in conjunction with the Water Board that also 
included the investigation of geochemical processes and causes of large iron 
concentrations in the dune-sand aquifer.
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Figure 1.--Location of the study area.



Purpose and Scope

The purpose of this investigation was to determine the quantity of ground 
water in the dune aquifer available for development. This report presents 
estimates of ground-water levels and locations of the freshwater-seawater 
interface that might occur as a result of increased ground-water development, 
and documents the procedures and data that were used for constructing and 
calibrating the numerical model used in this study.

A steady-state, four-layer numerical model that simulates ground-water 
flow, ground-water levels, and the position of an interface between freshwater 
and seawater in the dune aquifer and underlying fine-grained sediments was 
constructed using a generalized model that was developed by Sapik (1988). 
Geometry and initial estimates of the hydraulic properties of the geologic . 
units were obtained from drillers' logs, aquifer tests, water-level data from 
the Water Board, and data from a previous report by Robison (1973). The 
estimates of the hydraulic properties were changed systematically during the 
model-calibration procedure to determine which values of the properties gave 
the best agreement between model-simulated ground-water levels and the average 
observed ground-water level for the period October 1983 through September 
1984.

The calibrated model was used to estimate average ground-water levels and 
positions of the freshwater-seawater interface for different ground-water 
pumping rates from the dune aquifer.

Well-Numbering System

The well-location numbering system used in this report is shown in figure 
2. Wells in Oregon are identified by township, range, section, and 10-acre 
subdivision within a section. Well 24S/13W-21CCD01 indicates successively, 
the township (24S), range (13W), and section (21). The first letter after the 
section number denotes the quarter section (160 acres); the second, the 
quarter-quarter section (40 acres); and the third, the quarter-quarter-quarter 
section (10 acres). Where two or more wells are in the same 10-acre 
subdivision, sequential numbers (01) are added after the third letter.
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Figure 2.~Well-location numbering system. 
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HYDROGEOLOGY

The study area is about 24 mi2 and is part of a discontinuous series 
of dunes extending the length of the Oregon coast. The area, located 
between Coos Bay and Tenmile Creek in Coos County (fig. 1) , is about 13 
miles long and 1.5 miles wide. About 19.5 mi 2 6f this total area is 
covered with Holocene dune sand. The area also|contains Pleistocene and 
older fine-grained Tertiary marine deposits that rise steeply in the 
northeastern part of the area.

A diagram showing the physiography of the dune-sand area is shown in 
figure 3. Adjacent and parallel to the beach is a narrow 15- to 20- 
foot-high ridge or foredune that was produced by offshore winds. It has 
been stabilized by beach grass at a height above the high-tide line and 
therefore is rarely breached by the ocean (Wiedemann, 1984). East of 
the foredune is a broad flat plain that lies 5 to 10 feet above sea 
level, formed by wind erosion and referred to here as the coastal 
deflation plain. It is one-quarter to one-half mile wide and continuous 
for the length of the project area. This flat plain commonly is 
saturated as a result of seasonal ground-water fluctuations and is 
predominately vegetated with lodgepole pine (Pinus contorta). Bare sand 
ridges, that in places reach altitudes greater than 100 feet above sea 
level, lie to the east of the coastal deflation plain. These ridges are 
composed of loose sand and are subject to shifting by winds. Eastward 
of the ridge is an older forested deflation plain. It lies 15 to 30 
feet above sea level and contains a string of north-south-trending 
lakes. East of the older deflation plain is a second bare sand ridge 
that also reaches altitudes greater than 100 feet above sea level. To 
the southeast of this ridge lies North Slough, which drains into Coos 
Bay. To the north and east of North Slough lie forested hills of 
Pleistocene and older fine-grained deposits that range from 100 to 400 
feet above sea level and rise steeply to the edge of the drainage area.

WEST EAST

NOT TO SCALE

Figure 3. Dune-sand physiography.



Hydrogeologic Framework

The study area is predominantly covered by dune sand underlain by a marine 
sand, both of Holocene age. These deposits are underlain locally by 
Pleistocene-age marine deposits (Robison, 1973), but are most commonly 
underlain by older fine-grained Tertiary deposits. The fine-grained Tertiary 
deposits also underlie the Pleistocene deposits.

The older fine-grained Tertiary deposits consist of the Coaledo Formation 
and the Bastendorff Shale (Alien and Baldwin, 1944; and Baldwin, 1964). The 
Coaledo Formation is composed of siltstones, mudstones, and sandstones, and is 
exposed at land surface in the forested hills of the northeastern part of the 
study area (fig. 4). The Bastendorff Shale is not exposed at the surface 
within the study area, but it is thought to underlie the Pleistocene marine 
and Holocene dune- and marine-sand deposits (Robison, 1973). Well logs of 
deeper wells in the dunes show clay or shale that is typical of the 
Bastendorff Shale near the bottom of the wells (Robison, 1973). A 2,300-foot 
section of the shale is exposed, outside the study area about 1 mile south of 
the mouth of Coos Bay, where it conformably overlies the Coaledo Formation 
(Alien and Baldwin, 1944).

The Pleistocene marine deposits are exposed predominantly in the 
northeastern part of the study area. These deposits consist of slightly 
compacted and cemented sand and silt. They are littoral or strandline marine 
and terrace deposits that typically lie at altitudes of less than 120 feet, 
but to the north some exposures lie several hundred feet above sea level.

Permeabilities of the Pleistocene and fine-grained Tertiary deposits are 
relatively low. However, some wells completed in these deposits are an adequate 
source of freshwater for single-household domestic use (Robison, 1973).

The Holocene dune-sand deposit crops out to the west of the older 
Pleistocene marine deposits, consists of dune and marine sand, and herein is 
referred to as the dune-sand aquifer. The dune-sand aquifer is, with few 
exceptions, composed of loosely compacted and uncemented fine- to medium-grained 
sand. The exceptions are thin lenses of discontinuous silt and clay, which are 
present at the land surface and have been reported at depth by drillers.

The dune-sand aquifer is generally on the order of 100 feet thick. Maximum 
thickness is about 200 feet in the area near Horsfall and Spirit Lakes and 
thinnest in the northeastern part of the study area where it pinches out to 
zero. The thickness of the deposit varies because of differences in the surface 
topography and the altitude of the base of the deposit. The surface topography 
of this deposit ranges from 60 feet below sea level in the offshore region of 
the study area to over 100 feet above sea level in areas of the bare sand 
ridges. The altitude of the base of this deposit ranges from 180 feet below sea 
level in the area of Horsfall and Spirit Lakes to a few feet above sea level in 
the northeastern part of the study area (fig. 4). The dune-sand material was 
deposited by streams and rivers onto a broad, flat terrace that was cut into the 
Tertiary marine deposits during Pleistocene time. The sands at or near the land 
surface have since been reworked by the wind and ocean currents. The windblown 
sand is probably interbedded with sand that was deposited in the littoral zone 
when the sea was about 15 to 20 feet below the present sea level (Robison, 
1973). Evidence of the littoral deposits is indicated by the presence of marine 
fossils reported by drillers.
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Dune-sand aquifer

Pleistocene and fine-grained Tertiary deposits-Hatchure 
shows outcrop of Coleado Formation
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Base of Holocene age sand deposit contour Shows altitude 
of base Contour interval 20 and 40 feet. Datum is sea level.

Well location-Number refers to data shown for altitude of 
base of Holocene age sand deposit in feet below sea level 
and local well number. 

Well Altitude of base Local well number

1 80 23S/13W-22DAC02
2 90 23S/13W-22DCDOS
3 72 23S/13W-34ACA02
4 107 23S/13W-34CBB01
5 55 23S/13W-34DBA01.02
6 123 24S/13W-09CAB01
7 72 24S/13W-10CAB03
8 30 24S/13W-10DDD01
9 60 24S/13W-15ACD01

10 93 24S/13W-15CDD01
11 143 24S/13W-20DCB02
12 19 24S/13W-22ABD01
13 78 24S/13W-22CCD01
14 93 24S/13W-22BDC01
15 110 24S/13W-22CAA01
16 86 24S/13W-22CBD01
17 88 24S/13W-22CDD01
18 96 24S/13W-22BAD01
19 83 24S/13W-27BAB01
20 83 24S/13W-27BBC01
21 83 24S/13W-27BCC01
22 69 24S/13W-27BDB01
23 97 24S/13W-27CBB01
24 74 24S/13W-28AAA01
25 112 24S/13W-28BCC01
26 189 24S/13W-28DDA01
27 84 24S/13W-29ADB01
28 161 24S/13W-29CDB08
29 157 24S/13W-29DBD01
30 164 24S/13W-29DDA01
31 169 24S/13W-32ABD01
32 167 24S/13W-32ACC01
33 167 24S/13W-32DCB01
34 86 24S/13W-32ADD01
35 143 24S/13W-32BAA01
36 147 24S/13W-32BDC01
37 179 24S/13W-32CCA02
38 143 24S/13W-28DDD01
39 114 24S/13W-33ACC01
40 113 24S/13W-33ACD01
41 69 24S/13W-33ADA01.02,03
42 115 24S/13W-33ADB01
43 105 24S/13W-33BAD01.02
44 78 24S/13W-33CAC01
45 96 24S/13W-33DAA04
46 112 24S/13W-33DBC01
47 91 24S/13W-33DDB03
48 83 24S/13W-33DDB05
49 83 24S/13W-34BBB02
50 63 24S/13W-34BCB05

. 51 112 25S/13W-06DDD01

Figure 4. Surficial geology and altitude of the base of the Holocene-age sand, deposit (geology modified from Robison, 1973).



Recharge and General Hydrology

The long-term average recharge to the dune aquifer was estimated using 
National Weather Service data on precipitation (P) and estimates of direct 
runoff (RO) and evapotranspiration (ET). The estimate of recharge (RE) was 
made by subtracting direct runoff and evapotranspiration from precipitation.

RE - P - RO - ET 

RE - 63 in. - 6 in. - 19 in. - 38 in.

Mean annual precipitation used for this study was 63 inches, which is the 
average for the period 1903 through 1986 at North Bend FAA Airport (National 
Weather Service, written commun., 1987). The error for this figure is about 3 
percent (+2 inches). About 80 percent of the precipitation occurs during the 
winter months October to March. Most of the precipitation falls as rain due 
to the temperate marine climate of the area. The mean annual temperature is 
52 °F. The coolest month of the year is January, with an average temperature 
of 45 °F, and the warmest is August, with an average temperature of 60 °F.

Direct runoff from the area is generally from Tenmile Creek and North 
Slough, but during winter, when lake and ground-water levels are highest, 
overland flow sometimes occurs in the broad undefined channels of the 
deflation plains. This overland flow is generally in a north-south direction 
with the water flowing into Coos Bay, Tenmile Creek, and North Slough. Direct 
runoff from the area was estimated to be 6 inches per year on the basis of an 
analysis of observed discharge hydrographs for Tenmile Creek. This runoff 
estimate is based on discharge for an area that is not representative of the 
entire study area, but only the northeastern (nondune) part. No discharge 
data are available for the dune area. Thus, the estimate for runoff in the 
dune area could be in error by as much as 100 percent (+6 inches). In order 
to refine the estimate of runoff, the discharge from the dune area would have 
to be monitored over one or more seasons during which runoff occurs.

The long-term actual evapotranspiration (AET) for the study area was 
estimated to be 19 inches per year. The potential evapotranspiration (PET), 
the quantity of evapotranspiration that would occur if water were nonlimiting, 
was calculated using the Blaney-Griddle method (U.S. Department of 
Agriculture, 1970) and was used to limit or bound the AET number. The Blaney- 
Criddle method is empirical and uses latitude, monthly temperature, and 
experimental crop consumptive-use data. Under natural conditions, the AET is 
less than the PET because during some times of the year the amount of soil 
moisture available is insufficient to apply all the water required for 
potential evapotranspiration to occur. The soil-moisture calculations were 
based on long-term mean-monthly precipitation, available water capacities 
determined by the U.S. Department of Agriculture (1988, in press), and root 
depths estimated for the various vegetation types. The estimated 19 inches of 
AET is the area-weighted average for the different soil and vegetation types 
over the study area (table 1). As expected, this estimated AET is less than 
the evaporation pan data of 34 inches per year collected by Robison during the 
1971 to 1973 water years (Robison, 1973).



Because the PET estimates are based on calculations using equations 
developed for other climates and vegetation, and for soil types not verified 
for this location, the error in this estimate is probably about 25 percent (±5 
inches).

Table 1.--Parameters used to determine the area-weighted average 
actual evapotranspiration for the study area

[in./in., inches per inch; AET, actual evapotranspiration]

Vegetation type

Dune sand (no grass) 

Dune sand (grass)

Marsh

Water bodies

Shrubs

Forest

Percentage 
of total 
area

22.5 

22.5

2.0

5.0

12.0

36.0

Available
Root water Calculated 
depth capacities AET 
(feet) (in. /in.) (inches')

1 0.05 16.87 
1 

2 .07J 17.95

a!8

b24

3 .07 18.36

4-5 .07-. 25 C20.66

Averane '19.3

, Estimated value .
Value from Robison (1973) '
.Areally weighted average for all forest areas
Areally weighted average for all areas

Similar computations done for the 1984 waterj year (October 1983 through 
September 1984), during which the precipitation (76 inches) was greater than 
the long-term average, yielded an evapotranspiration of 21 inches and an 
average recharge to the dune aquifer of 47 inches. The expected error in the 
estimated long-term average recharge to the dune | aquifer (RE = 38 in.) is the 
square root of the sum of the squares of the errors in P, RO, and ET;

7(2) (6) (5) 8 inches

The long-term average recharge from precipitation to the dune aquifer was 
estimated by using a water budget as described itn the preceding paragraphs, i 
water budget was not used to estimate recharge in the northeast part of the 
study area, where fine-grained deposits occur at land surface, because of 
insufficient data for this area and the likelihood that the fine-grained 
deposits would inhibit the infiltration of water. For this area, an 
arbitrarily small value of recharge equal to 10 percent of precipitation is 
assumed. The actual quantity of recharge in this part of the study area 
probably is larger than this assumed amount, but it is used in this study to 
obtain a conservative (low) estimate of water availability.



The actual quantity of recharge to the fine-grained deposits in the 
northeast part of the study area could be as much as 38 inches, the average 
quantity for the dune aquifer, but probably is not less than the assumed 10 
percent of precipitation (6.3 inches). Consequently, the error in the 
estimated recharge for this area is between -32 and 0 inches.

The error in the areal average recharge to the study area can be estimated 
by combining the error in recharge to the dune aquifer, which-occupies about 
three-quarters of the land area, with the error in recharge to the 
northeastern area with fine-grained deposits, which occupies about one-quarter 
of the total land area. The areal average recharge is

3/4 (38 in.) + 1/4 (6 in.) = 30 in. 

The estimated error in this figure is

- J [3/4(8)] 2 + [1/4(32)]* to + J [3/4(8)]2 + [1/4(0)]2 in. ,

which is
10 to +6 in. 

or
33 to 20 percent

A negative error indicates that the estimated value of recharge is less than 
the actual value. Presumably, an estimate of water availability based on a 
low estimate of recharge also would be low. A positive error indicates the 
opposite.

Ground-Water Levels and Movement

Ground-water levels were measured monthly at most wells. In a few wells, 
measurements were made only in January, March, and June. Most water levels 
were measured relative to reference marks whose altitudes had been surveyed to 
an accuracy greater than 0.1 foot during the 1960's by the Water Board.

Water levels in the lakes are an expression of the water table and are 
continuous with the dune aquifer (Robison, 1973). Altitudes of the water 
levels for five of the nine large lakes are observed weekly by the Water Board 
from staff gages that have surveyed datums. During the dry summer months, 
water is pumped from wells to Horsfall, Spirit, and Sandpoint Lakes to 
artificially maintain the water levels for recreational purposes.

Seasonal variations of water levels in the lakes and the wells are 
similar. Seasonal variation in the five lakes that contain staff gages is 
shown in figure 5 and seasonal variation of monthly water levels in two 
piezometers near the southeastern end of Horsfall Lake is shown in figure 6. 
The piezometers are at the same location but are completed at different depths 
in the dune aquifer (see fig. 4).

Water-level variations in the five lakes ranged from 2.4 to 4 feet for 
this same period. Historically, the lakes have been observed to have varied 3 
to 6 feet (Robison, 1973). Seasonal variations in
measured ground-water levels during the 1984 water year ranged from 1.4 to 4.9 
feet for wells in the study area. The monthly precipitation for the 1984 
water year, together with the water levels in well 24S/13W-33BAD01, is shown
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Figure 5. Water levels in Beale, Sandpoint, Spirit, 
Horsfall, and Bluebill Lakes for the 1984 water year.
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24S/13W-33ADA01 
(31 feet deep)

24S/13W-33ADA02 
(71 feet deep)

OCT JAN APR

WATER YEAR 1984

JULY

Figure 6.--Monthly ground-water levels in two piezometers at the same location 
open to different depths in the dune aquifer, 1984 water year.

in figure 7 (well location shown in figure 4). The seasonal water-level 
variations indicate that both the lakes and dune aquifer respond quickly to 
recharge from precipitation.

The average observed water levels in wells and lakes for the 1984 water 
year are shown in figure 8. The contours in figure 8 are based on water 
levels in shallow wells (generally less than 50 feet deep) in the upper one- 
third of dune aquifer and lake stages in the area.

Water-table contours in figure 8 indicate that the general direction of 
ground-water flow in the dune aquifer is towards the Pacific Ocean, Coos Bay, 
North Slough, and Tenmile Creek. Horizontal ground-water gradients north of 
Beale Lake are as much as 50 feet per mile from east to west. South of Beale 
Lake, the ground water flows eastward toward North Slough, westward toward the 
Pacific Ocean, and southward through or beneath Horsfall and Spirit Lakes 
toward Coos Bay with gradients from 10 to 30 feet per mile.

Due in part to particle orientation and to the presence of thin, 
discontinuous layers of clay and silt, the vertical hydraulic conductivity of 
the dune aquifer is probably less than the horizontal conductivity. Water- 
level measurements in most areas where there are shallow and deep wells 
indicate that there is a downward component of the hydraulic gradient (fig. 
6). In wells near the coast and North Slough, the gradient is probably upward 
with upward discharge to the ocean or bay. The maximum vertical difference 
observed in the average-annual water levels in pairs of closely spaced 
piezometers during the 1984 water year was 2.5 feet. This 2.5-foot difference 
was observed in the piezometer pair 24S/13W-33ADA01 (31 feet deep) and 
24S/13W-33ADA02 (71 feet deep). The difference indicates a vertical head 
gradient of 0.06 ft/ft in the dune aquifer. Vertical head differences in six 
closely spaced piezometer pairs in the dune aquifer ranged from 0.1 to

11
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Figure 7. Relation of precipitation at the North Bend Federal Aviation 
Administration airport weather station to the water level in piezometer 
24S/13W-33BAD01 for the 1984 water year.

2.5 feet; vertical gradients ranged from 0.002 to 0.06 ft/ft. Although there 
is a vertical component of flow, the predominant;: component of flow 
in the study area is horizontal, as shown in figure 9. This figure 
illustrates the direction of flow and the distribution of head indicated by 
the computer model of ground-water flow described in a later section.
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EXPLANATION

Dune-sand aquifer

Pleistocene and fine-grained Tertiary deposits

        Study area boundary

  -tO - Water-table contour-Shows altitude of average- 
annual water level for water year 1984. Contour 
interval 10 feet. Datum is sea level.

J3

Direction of ground-water flow

Well location Number is average water level for 
water year 1984. in feet above sea level. 
> indicates greater than given value.

Lake level Number shown is altitude of water level, 
in feet above sea level.

3 KILOMETERS

Figure 8. Average water-table contours in the dune aquifer for the 1984 water year.
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Ground-Water Withdrawals

Quantities of ground water pumped during the 1984 water year from 20 
production wells located in the southern part of the dunes and operated by the 
Water Board are listed in table 2. At present (1987) these same 20 wells pump 
at rates of 3 to 7.5 Mgal/d (million gallons per day).

Original plans by the Water Board for full development of the dune aquifer 
called for construction of 64 wells capable of producing 30 Mgal/d in two 
north-south parallel lines of wells with Snag, Sandpoint, Horsfall, and Spirit 
Lakes between (fig. 10). The western line extends from near the south end of 
the project area north to Tenmile Creek and includes 40 (1 through .40) 
proposed production wells and 6 (41 through 46) existing production wells. 
The eastern line extends from the south end of the area north only to about 
the town of Hauser and includes 4 (61 through 64) proposed production wells 
and 14 (47 through 60) existing production wells. Full development of the 
aquifer will depend on the quantity and quality of water available.

Pumpage from shallow single-household domestic wells in the dune aquifer 
was estimated to be 250 gal/d per well (King Phelps, Coos Bay-North Bend Water 
Board, oral commun., 1987). Much of this water is returned to the ground- 
water system by septic systems and percolation of irrigation water; thus, 
consumptive use of water from the domestic wells was estimated to be one-third 
of that pumped, or about 83 gal/d per well.

Hydraulic Properties of Geologic Units

Robison (1973) computed transmissivities of the dune aquifer from aquifer 
pump tests and prepared a map of the transmissivities for the study area. 
Transmissivities ranged from 6,000 ft2/d (feet squared per day) in the 
northern half of the study area to 16,000 ft2/d in the southern half. Average 
values were about half these amounts (fig. 11). The horizontal hydraulic 
conductivity obtained by dividing transmissivity by thickness is in the order 
of 100 ft/d (about 10- 3 ft/s). During model calibration in the present study, 
Robison's transmissivities of the dune aquifer were adjusted upward by 28 
percent (see section "Model Calibration").

Specific capacities from bailing tests on 16 wells were available for 
estimating the transmissivity of the Pleistocene marine deposits exposed at 
the surface in the northeastern corner of the study area. The specific 
capacity of a well is defined as the withdrawal rate divided by the drawdown 
in the well. An approximate estimate of the transmissivity of the screened 
interval of an aquifer was obtained using the simplified formula derived from 
Brown (1963):

Transmissivity in ft2 /s. = 0.003 x specific capacity in (gal/min)/ft

The transmissivity value for each well was divided by the length of the 
screened or perforated interval to obtain k (horizontal hydraulic 
conductivity). Values of k ranged from 0.05Xft/d (O.SxlO- 6 ft/s) to 314 ft/d 
(3.63x10- 3 ft/s). The median value 8.6 ft/d (O.lxlO- 3 ft/s) was used in the 
numerical model.
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3 KILOMETERS

EXPLANATION

Dune-sand aquifer

Pleistocene and fine-grained Tertiary deposits

        Study area boundary

.52

o22

Existing production well Number indicates 
Water Board's production well in 1984 
(shown in Table 2).

Proposed production well Number indicates 
original location proposed by the Water Board.

Figure 10. Locations of existing and propose< production wells.
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Figure 11. Transmissivity of the dune aquifer (modified from Robison, 1973).
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T,able 2. - -Annual-average pumping rates from 20 production wells in 
the dune aquifer for the 1984 water year

[Mgal/d, million gallons per day; ft3/s, cubic feet per second]

Well site
number
shown on
figure 
10

Well 
number

Model 
layers

Model 
node

PumpaEe
(MgaJL/d) Cft3 /s)

24S/13W-21CDC01
-28BCC01
-29DDA01
-32ABD01
-32ACC01

-32ACC02
-33ACC01
-33DBC01
-33ACD01
-33ADB01

-33AAB01
-28DDA01
-27CBB01
-27BCC01
-27BBC01

-22BBC01
-22CBD01
-22BDC01
-22BAD01
-15CCD01

3. 2
4. 3, 2

	2
	2 

4, 3, 2

3. 2
4. 3, 2
3, 2
3. 2
4. 3, 2

4, 3
4, 3, 2
4, 3, 2
4, 3, 2
4, 3, 2

4, 3, 2 
3, 2 
3, 2 
3, 2 

	2

23,13
24,12
25,12
26,12
27,11

28,12
27.16
27.17
26.17
26.18

25,18
25,18
24,18
24,18
23,18

22,17
22,17
21.17
21.18
20,18

0.279
.159
.402
.580
.517

.613

.003

.003

.003

.012

.019

.025

.330

.359

.371

.214

.472

.317

.518

.542

Total pumpage for the 1984 water year was 3.7 Mgal/d (5.7 ft 3/s)

There are no data for making an accurate determination of the hydraulic 
conductivity of the fine-grained Tertiary deposits. However, sieve analyses 
of samples of these deposits from four different Ilocations (table 3) indicates 
that the material is predominantly finer than 0.063 millimeter (silts and 
clays). Horizontal hydraulic conductivities of material of this type are 
typically less than 3 ft/d (Freeze and Cherry, 1979, p. 29). The value used 
in the numerical model was 0.17 ft/d (2xlO- 6 ft/s), which is about one five- 
hundredth of the conductivity of dune sand.

18



Table 3.--Partical-size analyses of fine-grained Tertiary deposits

Well sample 
location 
(shown in 
figure 3")

24S/13W-27BDB01 
-32ACC01

23S/13W-34DBA01 
-22DCD05

Depth below 
land surface, 
in feet

130 
185

95 
122

General 
location 
in study 
area

SE
SW

NE 
NW

Percent finer 
than 0.063 
millimeter

27 
69

83 
73

Robison (1973) computed vertical hydraulic conductivities of the dune sand 
that ranged from 0.25 to 2 ft/d. These values were obtained by analysis of 
aquifer-test data that include water-level differences between closely spaced 
wells screened at different depths. The resulting ratios of horizontal to 
vertical hydraulic conductivity of the dune sand ranged up to 300 to 1. 
However, trial simulations performed with the model used in the present study 
gave best results when a ratio of 10 to 1 was used. This ratio of horizontal 
to vertical hydraulic conductivity was used for all geologic units (see 
section "Model Calibration").

SIMULATION OF GROUND-WATER FLOW

A steady-state, ground-water-flow model that simulates the position of the 
freshwater-seawater interface developed by Sapik (1988) was used to construct 
the four-layer ground-water-flow model in the dune aquifer and adjacent 
deposits within the study area. The model was calibrated with annual-averaged 
data and used to compute steady-state heads in the dune aquifer and positions 
of the freshwater-seawater interface for different rates and distributions of 
ground-water pumpage.

Model Construction

The areal extent of the model and the location of pumped wells are shown 
in figure 12. The western boundary is in the Pacific Ocean beyond the 
expected most seaward point of freshwater discharge. Tenmile Creek is the 
northern boundary. A drainage divide (a no-flow boundary) forms the eastern 
boundary. The model's southern boundary is Coos Bay. The model's upper 
boundary is the water table in layer 4, and the model's lower boundary in 
layer 1 was assumed to be 100 feet below the bottom of the dune aquifer in the 
Tertiary deposits of low permeability (fig. 13). No ground water was allowed 
to flow through the borders of the modeled area or through the model's lower 
boundary. Also, no flow was allowed to cross the freshwater-seawater boundary 
whose position was computed by the model. This boundary is assumed to be a 
sharp interface, although in reality it is usually a diffuse zone. For the 
purpose of this report it is adequate to assume that the simulated depth to 
the interface approximates the depth to where the chloride concentration is 
9,500 mg/L (milligrams per liter), which is one-half the concentration in 
seawater. A shortcoming of assuming that the freshwater-seawater boundary is 
a sharp interface is that water in the aquifer above the simulated interface

19
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Figure 12. Model grid and location of pumped wells.
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Figure 13.--Schematic geologic section through the northern part of model area 
showing the model layering.

is assumed to have zero chloride concentrations, whereas in reality the 
concentration in the diffuse zone near the interface could be as large as 
9,500 mg/L.

Ground water was allowed to discharge to the ocean, Coos Bay, and North 
Slough at rates that depend on the difference between the model-simulated head 
in the dune aquifer and the hydrostatic heads at the bottoms of these three 
saltwater bodies (fig. 14). Water was allowed also to flow between Tenmile 
Creek and the dune aquifer at a rate dependent on the differences between the 
model-simulated head in the aquifer and a specified head in the creek. 
Because the lakes are formed where depressions in the land surface simply 
intersect the water table and are continuous with the dune aquifer (Robison, 
1973), no special conditions are established at grid cells that contain lakes. 
Precipitation recharged the aquifer through the water-table boundary (top of 
layer 4) at a specified rate (fig. 15).

The vertical movement of water throughout the study area was simulated by 
dividing the model into four layers that are numbered from bottom to top. The 
three uppermost layers (layers 2, 3, and 4) consist primarily of the saturated 
part of the dune sand. In the northeastern part of the study area, the upper 
three layers include the Pleistocene marine deposits and older fine-grained 
deposits of Tertiary age (fig. 13). Thicknesses of these three layers are 
equal in a vertical section, but vary areally. The bottom layer (layer 1) 
consists of the uppermost 100 feet of the fine-grained Tertiary deposits.

A uniform rectangular grid was overlaid on a map of the study area to 
divide each layer into rectilinear volumes called cells (fig. 12). Each cell 
within the model is referred to by giving the row, column, and layer indices. 
For example, well 60 is located in row 20, column 18 of layer 2 or (20,18,2). 
The model consists of 36 rows and 26 columns and contains as many as 558 
active cells per layer. Cells become inactive when they are totally intruded 
with seawater. The width of each cell in the model is 2,000 feet and the 
length is 1,000 feet.
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Cell discharge by type:

No discharge

Ground-water discharge to ocean, bay, or 
slough (layer 4)

Ground-water discharge to creek (layer 4) 

Pumpage from shallow domestic wells (layer 4)

Pumpage from production wells during 1984 
(layers 2, 3, and 4). Shown in table 2.

Model boundary

LES

Figure 14. Location and type of discharge cells used in model.
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EXPLANATION

Recharge to dune-sand aquifer at a rate 
of 1.25 x 10"7 cubic feet per second

Recharge to Pleistocene and Tertiary fine 
grained deposits at a rate of 0.1 x 10"7 
cubic feet per second

No recharge 

Model boundary

Figure IS. Rates of recharge used in model for the 1984 water year.
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Values of aquifer properties and other model-input data are specified for 
each cell of every layer. Required model-input data include layer 
transmissivities, leakance values between model layers, discharge coefficients 
and surface-water heads for cells that discharge to the ocean, bay, and 
streams, altitudes of the bottoms of the cells, recharge from precipitation, 
and pumpage from wells. To calculate the position of the interface, the ratio 
Lp/pr equal to 0.025 also is required, where Lp is the density difference 
 between the seawater and freshwater and pf is the density of freshwater.

By using finite-difference methods, the computer program solves the 
ground-water-flow equations to determine the ground-water heads in every cell 
of the model. The model also computes the position of the freshwater- 
saltwater interface by finding the depths where the pressure 
in the flowing fresh ground water equals the hydrostatic pressure in 
nonflowing seawater. This process is similar to the Ghyben-Herzberg 
principle, but this model considers the variation of head with depth as 
according to Hubbert (1940):

s - "f "f , (1)

<- PS - "t > I 'a - "f J

where Z equals the altitude of the interface, p and p~ are the density of the 
saltwater and freshwater, respectively, and h and h^ are the saltwater heads 
and freshwater heads at the interface. When the saltwater head (h ) equals 
zero, the first term in equation 1 drops out and, the equation becomes:

Z = (-40) (hf) (2)

Each ground-water head or position of the interface simulated by the model 
represents an average value for the volume of a cell. In this report, the 
distribution of these average values is referred to as the regional head 
distribution. The details of drawdown in head or upconing of the interface in 

I the vicinity of a pumped well that occur within a fraction of the cell area 
are not computed by the model, but are reflected in the average computed cell 
values.

Model Calibration

The steady-state numerical model was calibrated using average head data 
for the 1984 water year. Because of seasonal variations in recharge and 
pumpage, the ground-water system is never in steady state; therefore, an 
annual-averaged model, which is mathematically identical to a steady-state 
model, was used for model calibration (s^e for example, Prych, 1983). The 
calibration process consisted of making repeated calculations with the model 
using different values of leakage coefficients and transmissivities to 
determine which values of these parameters would give the best agreement 
between simulated and observed ground-water heads. The calibration process 
was an iterative one in which the transmissivities were adjusted to minimize 
differences between simulated and observed head^, and the leakage coefficients 
between layers and water bodies were adjusted to give the desired head
differences in the vertical direction, 
acceptable results were obtained.

This prc
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Ideally, the model also should be calibrated to properly simulate the 
depth to the freshwater-seawater interface. However, because only two wells 
were deep enough to have elevated chloride concentrations, calibration for the 
interface position was limited mostly to assuring that the depth to the 
interface was greater than the depth of existing wells.

The range of pumping rates from wells used for model calibration are given 
in figure 16, with exact rates shown in Appendix A. These pumping rates were 
obtained from the annual-averaged pumping rate for each of the production 
wells as given in table 2. The location of the cells containing these wells 
are identified in figure 14. The quantity pumped from each layer of the model 
was assumed to be proportional to the percentage of screened interval open to 
the layer. Cells containing one or more domestic wells are also shown in 
figure 14. The consumptive use of water from domestic wells in each of these 
cells was computed by multiplying the number of wells in each cell (estimated 
by King Phelps, Coos Bay-North Bend Water Board, oral commun., 1987) by 83 
gal/d; see section on "Ground-Water Withdrawals." The total consumptive use 
from the 143 domestic wells was 14,000 gal/d (0.022 ft 3/s). Most of these 
wells are shallow sand points driven close to the lakes and are assumed to 
have been completed in the uppermost layer of the model.

Recharge was applied over the uppermost layer (layer 4) of the model at 
the rates shown in figure 15. These rates were computed as described in the 
section entitled "Recharge and General Hydrology." The rate applied to the 
dune aquifer, which was computed using water balance equations, is 47 in./yr. 
The amount of recharge applied to the northeastern area, where fine-grained 
deposits are at the land surface, was 10 percent of the precipitation for the 
1984 water year (7.5 inches).

Ranges for the bottom altitude of the cells are given in figure 17 and the 
actual altitudes are given in Appendix A. Bottom altitudes of cells in the 
upper three layers, where they contain the dune aquifer, were obtained using 
Robison's (1973) maps of water-table altitude and dune aquifer thickness.

Only 100 feet of Tertiary deposits beneath the dune aquifer are simulated 
by the model; consequently, the bottom of the fourth layer is uniformly 100 
feet below the third layer. Although the Tertiary deposits probably exceed 
1,000 feet in thickness, little of the ground-water flow is expected to be 
flowing in these nearly impermeable deposits. Sensitivity tests with the 
model showed that increasing the transmissivity of the fourth layer by a 
factor of 10, which is equal to modeling 1,000 feet of thickness, resulted in 
head changes within the dune aquifer of about 1.5 feet.

The surface-water-body heads (h ) for Tenmile Creek (table 4) were 
obtained from a topographic map. For cells that discharge to seawater bodies, 
the model-computed values of h are computed by multiplying the depth below 
sea level to the top of the cells by the ratio Lp/p^. equal to 0.025. This 
ratio is used also in computations of the freshwater-seawater interface 
position.

Ranges of aquifer transmissivities, leakage coefficients between model 
layers, and discharge coefficients for cells that discharge to the ocean, bay, 
and streams, as obtained through model calibration, are given in figures 18, 
19, and 20; actual values are shown in Appendix A.
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Figure 16.~Model-input well pumpage for model layers.
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    Model boundary

Figure 16.  Model-input well pumpage for model layers  Continued.
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Figure 16. Model-input well pumpage for model layers Continued.
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Figure 17. Bottom altitudes of model layers.
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Figure 17. Bottom altitudes of model layers Continued. 
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Figure 17. Bottom altitudes of model layers Continued.
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Figure 18. Simulated transmissivities for dune-sand aquifer layers
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Figure 19.--Simulated leakage coefficients between model layers 2 and 
3 and layers 3 and 4.
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Figure 20. Simulated leakage coefficients for cells that discharge to the ocean.
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Initial estimates of transmissivities of the dune-sand aquifer were 
obtained from the transmissivity map given by Robison (1973) (see section 
"Hydraulic Properties of Geologic Units"). The upper three layers of the 
model contain mostly this aquifer. Initial estimates of transmissivities of 
the upper three layers of the model where they consist of Pleistocene and 
fine-grained Tertiary deposits were obtained by multiplying layer thicknesses 
by the horizontal hydraulic conductivity given earlier. During the 
calibration process, transmissivities of all cells in the upper three layers 
were varied uniformly by using a common multiplier. As mentioned in the 
earlier section "Hydraulic Properties of Geologic Units," the transmissivities 
of the three upper layers in the calibrated model are 28 percent higher than 
originally estimated. The resulting horizontal hydraulic conductivities, 
obtained by dividing calibrated transmissivities by layer thickness, ranged 
from 0.314x10- 3 to 1.45x10- 3 ft/s for the dune aquifer and was 0.28x10- 3 ft/s 
for the Pleistocene and other fine-grained deposits in the upper three layers.

A uniform transmissivity of the lower layer (layer 1), which consists 
entirely of fine-grained Tertiary deposits, was obtained by multiplying the 
estimated horizontal hydraulic conductivity (2xlO- 6 ft/s) by the layer 
thickness (100 feet). Decreasing the transmissivity by a factor of 10 
increased simulated heads by about 0.1 foot. Increasing the initial estimates 
by a factor of 10 decreased heads by 1.5 feet. In all of the three tests the 
simulated heads could be made to agree with the observed heads to the same 
degree of accuracy by

Table 4.--Model-input surface- 
water heads for Tenmile Creek 
in layer 4

Head,
Model in feet 
_______ above

Row Column_____sea level

2 14 5
2 15 6
2 16 6
2 18 10
2 19 11
2 20 12
3 14 5
3 16 7
3 17 8
3 18 9
4 13 3
4 14 4
5 11 3
5 12 3
5 13 3
6 11 3
6 12 3
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adjusting the hydraulic properties of the dune aquifer within acceptable 
limits. Because there were no observed head values in the lower layer for use 
in calibrating values of hydraulic conductivity, the initial estimate of 
hydraulic conductivity of the fine-grained Tertiary deposits (2x10- 6 ft/s) was 
used in the calibrated model.

I
Leakage coefficients for flow between model layers and for discharge to 

the ocean, bay, and streams were computed using equations from Sapik's model 
(1988). All cells discharging to the surface-water bodies are in the 
uppermost layer (layer 4). The area (A) used to represent a stream is the 
mapped area of the stream or lake within the ce],l. When the surface-water 
body is the ocean, bay, or slough, the area is usually the entire horizontal 
area of the cell. However, for cells along the shoreline, whose upper 
surfaces were partly above and partly below sea ; level, half of the cell areas 
were used. Vertical hydraulic conductivities for all layers were estimated by 
dividing the horizontal hydraulic conductivities by a common factor, and 
during model calibration, all leakage coefficients were varied uniformly by 
using a common multiplier. This procedure is equivalent to varying all 
vertical hydraulic conductivities uniformly. Model calibration showed that 
the best ratio of horizontal to vertical hydraulic conductivity is 10; 
however, because most of the water-level data are for the dune aquifer, this 
ratio may be representative of only the dune aquifer.

Annual-average water levels in wells throughout the dune aquifer and 
contours of simulated water levels in the model's upper layer (layer 4) for 
the calibration period are shown in figure 21. The root-mean-squared 
difference between all observed and simulated water levels is 3.5 feet. 
Simulated ground-water levels below Horsfall and Spirit Lakes are about 3 feet 
lower than the observed water level in the lakes (fig. 21). This is 
consistent with the fact that ground water is pumped into the lakes to 
maintain their levels. Although ground water is also pumped into Sandpoint 
Lake, the simulated water level is equal to or slightly higher than the 
observed water level in the lake. Simulated ground-water levels below 
Bluebill and Beale Lakes equal or slightly exceed the observed water levels in 
the lakes, because water levels in these lakes are not artificially 
maintained.

i
The maximum landward extent of the simulated interface at the bottom of 

the dune aquifer (layer 2) is shown in figure 2£. The simulated interface is 
generally within 500 feet of the coastline, except in the south where the 
interface is predominantly landward of the shoreline. Three generalized 
hydrogeologic sections B-B', C-C', and D-D' (locations in fig. 23) show the 
simulated position of the interface in the vicinity of the production wells 
(fig. 24). The position of the simulated freshwater-seawater interface on 
figure 22 indicates the maximum landward extent!of all points also shown on 
section B-B' (fig. 24). The interface, which ranges from sea level to 
approximately 1,150 feet below sea level, is shallowest near the coast and is 
deepest inland where ground-water heads are highest. The simulated position 
of the freshwater-seawater interface is below the bottom of all wells during 
steady-state simulation. This is to be expected because observed chloride 
concentrations in these wells were less than 45 mg/L (G. C. Bortleson, U.S. 
Geological Survey, written commun., 1988). By comparison, the chloride 
concentration at the interface is assumed to be 9,500 mg/L. The only 
available data with which simulated depths to the interface can be compared 
are reported by Dobberpuhl and others (1985). They give depths and chloride
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seawater interface
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Figure 21. Average observed water levels in wells and lakes, and contours of the simulated 
water levels in the upper layer of the model in the dune aquifer for the 1984 water year.
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Figure 22.~Maximum landward extent of the simulated freshwater-seawater 
interface for the 1984 water year.
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Figure 23. Location of generalized hydrogeologic sections.
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concentrations in two coastal wells near Horsfall Beach (Bl and B3; fig. 
21). At well Bl, which has a depth of 194 feet and a chloride 
concentration of 8,100 mg/L, the simulated depth to the interface was 
175 feet. At well B3, which has a depth of 171 feet and a chloride 
concentration of 2,900 mg/L, the simulated depth to the interface was 
317 feet.

APPRAISAL OF SEAWATER UPCOMING

Just as there is a local cone of depression in ground-water level 
around a pumped well, there also can exist a lodal upconing of seawater 
beneath a pumped well. Upconing is a local rise of the freshwater- 
seawater interface beneath a pumped well. Because local upconing can 
occur within a fraction of the area represented by a model cell, and the 
model simulates average altitudes of the interface over the area of a 
cell, the model does not compute the maximum altitude of the seawater 
cone beneath a pumped well. Therefore, methods were devised for (1) 
determining if a local seawater cone beneath a pumped well will rise 
into the dune aquifer, and (2) estimating the fraction of seawater in 
water pumped from a well.

Critical Pumpage

Bennett and others (1968) developed a method for computing a maximum 
rate at which water can be withdrawn from a well in a deep homogenous 
aquifer without causing seawater to be drawn up into the well 
(upconing). The maximum rate is referred to as the critical pumping 
rate (Q ) and can be estimated using a graph of dimensionless variables 
given by Bennett and others (1968) and reproduced by Reilly and others 
(1987). Because the wells are located in the dune aquifer and the 
freshwater-seawater interface is believed to be located in the 
underlying fine-grained Tertiary deposits, thisimethod cannot be applied 
rigorously to the problem being studied. However, the method was used 
to estimate whether the local seawater cone would rise above the top of 
the fine-grained Tertiary deposits (bottom of dune-sand aquifer).

Bennett and others (1968) defined a dimensionless maximum 
permissible discharge function (DMPD), which can be solved for the 
critical discharge:

Q - (DMPD) k (h ) 2 Lp/p
C X O fff

(3)

where h is the thickness of freshwater between the water table and the 
interface with no pumping.

I 
Equation 3 was used to compute critical pumpage for a hypothetical

shallow well completed in the upper part of, and drawing water only 
from, the fine-grained Tertiary deposits. Therefore, the hydraulic 
conductivity of the fine-grained deposits was used in equation 3. h 
was chosen to be the distance between the water level in the upper model 
layer and the interface as simulated with pumping. A value of DMPD 
(0.4) was obtained from figure 12 of Bennett and others (1968) by using 
a dimensionless flownet constant (DFC) of 0.1, which was the minimum 
computed value for all wells, and a fractional altitude of the screen 
bottom of 0.35, which was exceeded at all but two wells.
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To estimate whether the local seawater cone could rise into the 
dune-sand aquifer beneath a pumped well, the value calculated for Q was 
compared to the vertical flow (Q ), which is flow from a cell in the 
fine-grained deposits to the overlying cell in the dune-sand aquifer.

Q can be computed using the equation
3.

Qa = Kg AOu-ha) , (4)

where h x and h2 are the simulated heads in model layers 1 and 2, 
respectively, and A is the area of one cell. If Q is less than Q , one 
would not expect local upconing into the dune sand. If Q is greater 
than Q , it is possible that local upconing could occur. However, when 
Q is greater than Q , local upconing is not certain because Q is 
distributed over the entire cell and not concentrated at the 
hypothetical well.

Fraction of Seawater in Pumped Water

An estimate of the maximum chloride concentration in the water 
pumped from each well was obtained by assuming that all water flowing 
upward from the fine-grained deposits was seawater. This chloride 
concentration, C, is given by,

C = (19,000 mg/L) Qw/Qa , (5)

where 0 is the total pumping rate from a well and Q is given by 
equation 4.

WATER AVAILABILITY 

Maximizing Ground-Water Pumpage

An objective of this investigation was to determine the maximum rate 
at which water could be pumped from the dune aquifer without inducing 
seawater flow into the wells at an unacceptable rate. The numerical 
model, together with independent calculations of local seawater upconing 
and chloride concentrations in pumped water, was used to evaluate 
various alternative pumping rates and distributions. The recharge rate 
used in these simulations was the long-term average, 38 inches per year. 
The maximum total quantity of water that could be pumped from existing 
and proposed production wells and satisfy the criteria listed in the 
following section was 17 Mgal/d. This is equivalent to 45 percent of 
the mean annual recharge over the model area. The proposed wells were 
assumed to be screened in the bottom 20 feet of the dune aquifer. The 
distribution of pumpage for the 17-Mgal/d rate and alternative total 
pumping rates are presented and discussed in the "Results" section.

Criteria

The different pumping alternatives were required to meet the 
following criteria.

1. A zone of the dune aquifer without any seawater (a buffer zone) was 
maintained between the ocean and the pumped wells.
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The model-simulated regional freshwater-seawater interface in the 
vicinity of the pumped wells was not allowed to rise into the 
dune-sand aquifer. I 

3. The local cone of seawater beneath a pumped veil was not allowed to 
rise into the dune aquifer. :

I
4. The calculated upper limit of the chloride concentration in pumped

water from each well was kept below 250 mg/L, which is the 
recommended maximum chloride concentrationifor drinking water 
(U.S. Environmental Protection Agency, 1977).

Criteria 2 and 4 were satisfied for each of the jumping distributions in 
the following section of this report, but criterion 3 could not always 
be satisfied. However, failure to satisfy criterion 3 was not 
considered serious and was permitted as long as criterion 4 was 
atisfied. , ir

The risks associated with using the model to determine if seawater 
intrusion would occur laterally or vertically were estimated by taking 
into consideration the probable error in the altitude of the model- 
simulated interface. For a risk of 0.1 (the probability that criteria 1 
and 2 for seawater intrusion would not be met), the following increment 
of altitude was added to the simulated altitude 6f the interface:

(40 ft/ft)(3.5 ft)(1.28) = 180 ft .

In this computation 40 ft/ft is the change in interface depths per 
change in head; 3.5 ft is the root-mean-square error (standard 
deviation) in simulated head; and the factor 1.28 is the number of 
standard deviations beyond which the area under the normal error curve 
is 0.1.

i 
If the criteria are met when 180 feet are added to the altitude of

the simulated interface, then the risk of seawater intrusion is less 
than 0.1. Thus, it is 90 percent certain that the thickness of 
freshwater is at least as thick as the value calculated by the model 
minus 180 feet.

Results

Simulated ground-water heads in the upper lairer of the model for 
total pumping rates of 10, 14, and 17 Mgal/d are'shown in figures 25, 
26, and 27. Computations indicated that the earlier stated criteria 
could not be satisfied when the total pumpage was greater than 17 
Mgal/d. The pumpage distributions used in the examples to obtain 10, 
14, and 17 Mgal/d are not unique; other distributions of pumpage that 
satisfy the designated criteria exist. The freedom to vary the 
distribution of pumpage to obtain 10 Mgal/d is large, but decreases with 
increasing total pumpage and is severely limited with the 17 Mgal/d 
alternative. For each of the three withdrawal alternatives, the maximum 
landward extent of simulated freshwater-seawater_ interface in the dune 
aquifer for layer 2, and the extent of interface when 180 ft are added 
to the altitude of the simulated interface, are shown in figures 28, 29, 
and 30. Generalized hydrogeologic sections B-B' to F-F', showing the
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Figure 25. Simulated water-level contours in the dune aquifer as a result of pumping 10 million gallons per day.
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Figure 26. Simulated water-level contours in the dune aquifer as a result of pumping 14 million gallons per day.
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Figure 27. Simulated water-level contours in the dune aquifer as a result of pumping 17 million gallons per day.
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Figure 28. Maximum landward extent of the simulated freshwater-seawater 
interface as a result of pumping 10 million gallons per day.
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Figure 29. Maximum landward extent of the simulated fresh water-sea water interface 
as a result of pumping 14 million gallons per day.
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Figure 30. Maximum landward extent of the simulated freshwater-seawater interface 
as a result of pumping 17 million gallons per day.50 '



regional freshwater-seawater interface for the three alternatives, 
are shown in figure 31. Locations of these generalized hydrogeologic 
sections are shown in figure 23. Well withdrawal rates, calculated 
chloride concentrations, and depth to the interface from bottom of 
the dune aquifer (layer 2) are given in tables 5 and 6.

Table 5.--Ground-water pumping rates, calculated chloride concentrations, and simulated distance from bottom of 
the aquifer to the freshwater-seawater interface for 1984 and 1987 simulations

1984 model calibration
Calculated 
chloride 

Pumping rate concentration
(gallons per (milligrams

Well
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

minute)
124.8
71.6
180
260
232
275

1.6
1.7
1.4
5.8
9.95
9.95

154.5
154.5
167
154
154
142
233
243

oer liter)
5
0

15
8
3
12
0
0
0
0
0
0
0
0
0
27
27
10
17
22

Distance

Actual 
pumping 
rate

to interface (gallons
(feet)
584
419
339
326
269
281
568
758
574
499
400
400
480
480
494
573
573
651
514
714

per minute)
143
92
190
205.5
313
295
2.9

131
56
49
35.5
35.5
193.75
193.75
125
181
181
297
252
246

1987
Calculated 
Chloride 
concentration
(milligrams
per liter)

14
7
18
10
9
14
0
5
0
0
0
0

30
30
6

30
30
30
30
36

1987 optimization

Distance

Optimized 
pumping 
rate

to interface (gallons
(feet)
389
276
201
193
148
164
362
334
342
287
163
163
195
195
274
289
289
322
232
430

per minute)
320
130
110
140
70
94
195
185
185
110
37.5
37.5
120
120
184
190
190
290
190
320

Calculated 
chloride 
concentration Distance
(milligrams
per liter)

25
15
12
5
0
0
0
18
15
0
0
0

23
23
19
30
30
30
25
44

to interface
(feet)
305
253
218
220
199
218
321
283
278
232
172
172
236
236
253
253
267
312
234
370

A comparison of figures 25, 26, and 27 shows an increasing 
decline of water levels as a result of increased pumping. The larger 
declines occur in the southern half of the dune aquifer. The water 
levels in this area drop to less than 10 feet when pumping is 
increased to 14 Mgal/d and are slightly less when pumping is 
increased to 17 Mgal/d. In the vicinity of the lakes, simulated 
water levels decline below the bottom of the lakes, indicating that 
the lakes could go dry unless they are artificially maintained (table 
7). In general, as pumpage increases, ground-water levels decline 
and the freshwater-seawater interface moves upward. If pumping 
increases beyond 17 Mgal/d, upconing of seawater or the regional 
freshwater-seawater interface could rise to levels where seawater 
would flow into wells.

The model-predicted maximum landward extent of the seawater 
interface was generally within 1,000 feet of the coastline for all 
three pumping alternatives. But for each pumping alternative there 
is a 10-percent risk that the location of the interface could be 
located at any site as far inland as shown in figures 28, 29, and 30. 
When pumping 10 Mgal/d, the potential for horizontal seawater 
intrusion to occur in pumped wells is less than when pumping 14 and 
17 Mgal/d. When pumping 10 Mgal/d, the simulated interface in all 
five generalized hydrogeologic sections except F-F' is substantially 
deeper than when 14 or 17 Mgal/d are pumped. In the northern part of
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Table 6 .   Ground-water pumping

the

10 million gallons

(ell

1

2

3

4

5

6

7

8

9

0

1

2

3

4

5

6

7

t
9

0

1

2

3

4

5

6

7

8

9

0

1

2

3

4

5

Pumping

rate

(gallons

per

minute)

108

108

108.5

108.5

108.6

108.6

108.6

108.5

108.5

108.6

108.6

108.6

108.6

108.6

108.6

108.6

108.6

108.6

108.5

108.5

108.6

108.6

108.6

108.6

108.6

108.6

108.5

108.5

108.5

108.5

108.6

108.6

108.6

108

108.5

Calculated 

chloride

concentra

tion (milli

grams per

liter)

82

126

72

72

82

82

82

50

50

54

54

54

61

61

61

61

61

61

63

63

59

59

59

61

61

61

50

50

44

44

40

40

40

19

28

rates . calculated chloride concentrateLons . and simulated distance from bottom of

acruifer to the freshwater-seawater interface for three  Dumoing simulations

per day

Distance

14 million gallons per day

Pumping

rate

(gallons

to interface per

(feet)

455

536

300

300

371

371

371

333

333

306

306

306
*275

*275

*275

*242

*242

*242

267

267

*195

*195

*195

*233

*233

*233

346

346

427

427

466

466

466

526

480

minute )

146.5

146.5

73.5

73.5

73

73

73

146

146

73

73

73

73

73

73

71

71

71

100

100

67

67

67

67

67

67

100

100

189

189

98

98

98

380.5

190

Calculated 

chloride

concentra

tion (milli- Distance

Pumping

rate

(gallons

grains per to interface! per

liter) (feet) minute)

88 414

121 525

60 340

60 340

146.5

146.5

146

146

85 443 147.6

85

85

443

443

53 339

53 339

59 395

59 395

59 395

62 401

62

62

61

61

61

65

65

61

401

401

373

373

147.6

147.6

153.5

153.5

146

146

146

146

146

146

145

145

373 1 145

361

361

321

61 321

61

61

61

61

48

48

45

45

40

40

40

40

32

321

324

324

324

324

324

277

277

306

306

306

237

181

148.5

148.5

97

97

97

97

97

97

208.5

208.5

210.5

210.5

208

208

208

293

216

17 million

Calculated 

chloride

concentra

tion (milli

grams per

liter)

89

121

70

70

80

80

80

51

51

53

53

53

50

50

50

50

50

50

60

60

56

56

56

58

58

58

44

44

39

39

38

38

38

34

33

gallons per

Distance

to interface

(feet)

342

328
*130

*130

*149

*149

*149

*181

*181

*95

*95

*95

*97

*97

*97

*74

*74

*74

*138

*138

*122

*122

*122

*122

*122

*122

*78

*78

*75

*75

*51

*51

*51

146

*104

day

Altitude

of bottom

of aquifer

(feet below

sea level)

40

40

55

55

55

55

55

70

70

65

65

65

50

50

50

70

70

70

70

70

75

75

75

80

80

80

80

80

85

85

85

85

85

90

90
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Table 6. Ground-water pumping rates, calculated chloride concentrations, and simulated distance from bottom of

the aquifer to the freshwater  seawater interface for three pumping simulations   Continued

10 million gallons per day

Well

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

Pumping 

rate 

(gallons

per

minute)

108.5

108

108

108

108

108

216 -

108

108

108

108

74.5

109

109

108

86.5

86.5

108

108

108

108.5

108.5

107

108

108

108.5

108.5

108.5

108.5

Calculated 

chloride 

concentra 

tion (milli- Distance

grams per

liter)

28

6

13

6

6

6

6

13

0

0

0

0

0

0

0

78

78

16

16

0

22

22

6

6

a

41

41

68

68

14 million gallons per day

Pumping 

rate 

(gallons

to interface per

(feet)

480

541

468

382

399

405

292

244

246

214

226

352

328

324

261

175

175

286

286

345

345

401

438

358

454

460

460

579

579

minute )

190

370.5

316

277.5

307.5

241

256

224.5

362.5

243

224

229

232

233

162

75.5

75.5

110

110

283

161

161

254

262

241.5

112.5

112.5

150

150

Calculated 

chloride 

concentra 

tion (milli- Distance

grams per

liter)

32

33

27

25

27

23

21

18

13

11

12

18

15

21

17

9

9

22

22

27

30

30

13

26

4

6

6

12

12

Pumping 

rate 

(gallons

to interface per

(feet)

181
*162

144

125

140

186

132

99

96

100

130

190

175

159

131

76

76

147

147

*118

*123

*123

120
*74

*111

*167

*167

*259

*259

minute )

216

322

296

284

288

238

284

292

306

210

210

243

227

210

203

91.5

91.5

192.5

192.5

210

199

199

196

187

210

157.5

157.5

163

163

17 million gallons per day

Calculated 

chloride 

concentra 

tion (milli- Distance

grams per

liter)

33

32

28

26

26

23

22

19

19

13

6

10

21

20

20

11

11

28

28

23

27

27

24

22

36

51

51

92

92

Altitude 

of bottom 

of aquifer

to interface (feet below

(feet)

*104

128

127

109

130

170

111

78

94

108

135

171

149

135

98

34

34
*64

*64

107

*80

*80

96

52

93

*60

*60

*159

*159

sea level)

90

90

90

95

90

84

112

157

169

162

167

114

112

113

115

189

189

97

97

83

86

86

93

106

96

65

65

60

60

* Where local upconing reaches bottom of dune-sand aquifer.
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Table 7.--Lake-bottom altitudes and g.verage simulated 
ground-water levels. in feet above sea level

[Mgal/d, million gallons per day]

Lake

Clear
Saunders
Butterfield
Beale
Snag 
Sandpoint 
Horsfall
Spirit 
Bluebill

Lake 
bottom

16
20
14
27
13 
11 
14
15 
11

Ground- water

1984 10

52
53
50
37
25 
20 
19
18 
15

Mgal/d

32
32
31
18
15 
14 
14
14 
11

level

17 Mgal/d

26
27
25
9
6 
7 
9
8 
8

section F-F', the interface is higher when 10 Mgal/d are pumped because a 
larger quantity of water is pumped from the northern wells (7 to 26) than when 
14 Mgal/d are pumped (table 6). The distance to the regional freshwater- 
seawater interface is within 180 feet (risk =0.1) of the bottom of the dune 
aquifer for 2 of the 64 production wells when 10 Mgal/d are pumped, for 24 
wells when 14 Mgal/d are pumped, and for 60 wells when 17 Mgal/d are pumped. 
Thus, the risk of causing the regional interface to rise up into the dune-sand 
aquifer is probably small when a total of 10 MgaX/d are pumped, but may be 
larger when 17 Mgal/d are pumped.

Local seawater upconing was induced into the' dune aquifer beneath 12 of 
the 64 production wells when 10 Mgal/d were pumped, 10 wells when 14 Mgal/d 
were pumped, and 41 wells when 17 Mgal/d were pumped. However, chloride 
concentrations were calculated to be less than 126 mg/L for all wells. Local 
upconing occurred at more wells when pumping rates were 10 Mgal/d than when 14 
Mgal/d were pumped because of the higher rates of pumping in the northern 
wells (7-26), as mentioned earlier in the discussion of section F-F'.

I The model does not calculate the length of time it takes for the interface 
I to move to a new steady-state position after pumping rates are changed. This 
time would depend on hydraulic conductivities of the deposits and on specific 
storage. If the seawater were to flow only through the fine-grained Tertiary 
deposits, calculated estimates of the vertical velocity indicate that it would 

I take hundreds of years for the interface to move' upward to the equilibrium 
position predicted by the model and shown in figure 31. This calculation is 
based on the model-computed head in the fine-grained Tertiary deposit beneath 
the pumped well and a water level in the pumped well that was estimated from 
the specific capacity and the pumping rate of the well. If the seawater were 
to flow through only dune-sand deposits, however, it is estimated that the 
length of time could be only a few years or less. The latter estimates should 
be considered speculative because they are not based on observed movements of 
the interface.
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Optimization of 1987 Pumpage

The distribution among the wells of total present-day pumpage (4.63 
Mgal/d) was varied in simulations to reduce the probability of seawater 
encroachment into the dune aquifer. Pumpage was redistributed (optimized) to 
lower the interface where its altitudes were highest, and generally to make 
the depth to the interface below the bottom of the dune aquifer more nearly 
uniform over the area. Simulated interface positions were found to be 
virtually identical, but there were slight differences in the potential 
position of the interface based on a 0.1 percent model error (figs. 32 and 
33). The simulated interface positions for both the actual and optimized 
pumping distributions are generally within 500 feet of the coastline except 
along the southeast coast, where the interface is about 1,000 feet inland 
(figs. 32 and 33). The simulated positions of the interface beneath the 
pumped wells for actual and optimized pumping distributions are shown in 
figure 34. Along most of section B-B', which runs in a north-south direction 
through the west line of wells, the simulated interface for the optimized 
pumpage is lower than for the actual pumpage. The reason for this is that the 
optimized pumpage was less than the actual pumpage for four of the six wells 
(43 to 46) and the total optimized pumpage (1.24 Mgal/d) for wells along this 
line is 0.54 Mgal/d less than the actual pumpage (1.78 Mgal/d). Along section 
C-C', which runs north-south through the east line of wells, the simulated 
interface for the optimized pumpage is slightly higher than for the actual 
pumpage except near well 53, where an interface high was eliminated. The 
total optimized pumpage (3.39 Mgal/d) along this line is 0.54 Mgal/d more than 
the actual pumpage (2.85 Mgal/d). Along section D-D', which runs in an east- 
west line perpendicular to B-B' and C-C', the simulated interface for the 
optimized pumpage is lower than for the actual pumpage in the western part of 
the section and is higher in the eastern part, which is consistent with the 
transfer of pumpage from the west to the east line of wells.

The actual and optimized 1987 pumping rates for each well are shown in 
figure 35 and table 5. The distance to the simulated interface from the dune 
aquifer beneath each well is shown in table 5.

Simulated water-table altitudes with the long-term mean annual recharge 
and actual 1987 pumpage are shown in figure 36. Simulated water-table 
altitudes for the optimized distribution of pumping differed from those 
simulated for the actual pumping by less than 2.5 feet. These simulated 
water-table altitudes are substantially lower than those simulated for 1984 
(fig. 21) because the 1987 pumpage was greater (4.6 Mgal/d compared with 3.7 
Mgal/d), and the long-term average recharge rate was less than for 1984 (38 
in./yr compared to 47 in./yr).

POSSIBLE IMPROVEMENTS TO THE MODEL

The accuracy and reliability of most numerical ground-water models can be 
improved with more and improved geologic, hydrologic, and pumpage data. The 
most useful data for improving the model used in this study, in order of 
importance, would be:

1. Field data on the position of the freshwater-seawater interface along 
the coastline and in the vicinity of the production wells;
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124° 20'

43° 35' -

43° 25' -

EXPLANATION

H Cell with pumpage from existing production well 

Q Cell with no pumpage ,

   . Boundary indicating position of simulated freshwater- 

seawater interface in layer 2

until

Boundary indicating position of simulated freshwater- 
seawater interface in layer 2 based on 0.1 percent 
error

Model boundary

Figure 32. Maximum landward extent of the simulated freshwater-seawater 
interface for the actual 1987 pumpage distribution.

58



124°20

43°35' -

124° 10'

43° 25' -

0 1 3 KILOMETERS

EXPLANATION

H Cell with pumpage from existing production well 

[1 Cell with no pumpage

----- Boundary indicating position of simulated freshwater- 
seawater interface in layer 2

Boundary indicating position of simulated freshwater- 
seawater interface in layer 2 based on 0.1 percent 
error

    Model boundary

Figure 33. Maximum landward extent of the simulated freshwater-seawater 
interface for the optimized 1987 pumpage distribution.
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124° 20

43 30' -

43°22'30"

EXPLANATION

Dune-sand aquifer

Pleistocene and fine-grained Tertiary deposits

        Study area boundary

  Production well-Upper number is actual
1987 pumping rate, in gallons per minute. 
Lower number is optimized pumping rate, 
in gallons per minute. See table 5.

SMILES

3 KILOMETERS

Figure 35. Actual and optimized distribution of 1987 pumpage.
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124 20'

43 30' ~

430 22'30"

SMILES

3 KILOMETERS

EXPLANATION

Dune-sand aquifer

Pleistocene and fine-grained Tertiary deposits

        Study area boundary

 15  Water-level contour Shows altitude of water 
level based on actual 1987 pumping 
distribution. Contour interval 5 and 10 
feet. Datum is sea level.

  Production well Number indicates Water
Board's production well in 1984 (shown 
in table 2).

Figure 36. Simulated water-level contours for the long-term
average-annual recharge and actual 1987 pumpage.
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2. More accurate estimates of runoff and evapotranspiration to improve the
confidence of captured recharge; |

i

3. Field data on the vertical distribution within heads of underlying 
fine-grained deposits; i

4. Hydraulic conductivities of the fine-grained deposits.

The accuracy of the model could be improved also by including in the model the 
[pumping of ground water into lakes and the leakage from lakes to the aquifer. 
As pumpage increases, it would be advisable to pump from a small area at the 
maximum potential rate and monitor that area for water levels and chloride 
'concentrations. These data could be used to test the reliability of the model 
:for simulating the effects of increased pumpage and also could provide data 
for estimating the rate of seawater intrusion.

SUMMARY AND CONCLUSIONS

i
The dune aquifer presently (1987) supplies about 5 million gallons per day 

for industrial and municipal water use to the nearby communities of Coos Bay 
and North Bend. The dune aquifer is located between Coos Bay and Tenmile 
Creek in Coos County and is part of a discontinuous series of sand dunes 
extending the length of the Oregon Coast. The dune aquifer is composed of 
dune and marine sand of Holocene age, underlain by predominantly finer grained 
older Tertiary deposits.

I
The long-term average recharge to the dune aquifer was estimated to be 38 

inches on the basis of National Weather Service data and estimates of direct 
runoff and evapotranspiration. Both the dune aquifer and the lakes respond 
quickly to the recharge from precipitation, as indicated from the seasonal 
water-level variations. The general direction of ground-water flow in the 
dune aquifer is westward to the Pacific Ocean, south and southeastward to Coos 
Bay and North Slough, and northward to Tenmile Creek, with ground-water 
gradients that range from about 10 to 50 feet per mile.

A four-layer, steady-state numerical model that simulates ground-water 
flow and the position of a freshwater-seawater interface was constructed for 
the dune area adjacent to Coos Bay and North Bend. The model was calibrated 
with annual-averaged data from the period October 1983 through September 1984. 
The root-mean-square error of the calibrated heads simulated by the model was 
3.5 feet. The simulated position of the interface agreed with elevated 
chloride concentrations in two wells near Horsfall Beach in the southwestern 
part of the study area. No other data were available in the study area to 
verify the accuracy of the simulated interface p.osition. The horizontal 
hydraulic conductivities obtained by model calibration were 0.314x10- 3 to 
1.45x10- 3 ft/s for the dune aquifer, 0.28x10- 3 ft/s for the Pleistocene and 
older fine-grained Tertiary deposits exposed in the northeastern part of the 
study area, and 2x10- 6 ft/s for the fine-grained Tertiary deposits that 
underlie the dune aquifer. Hydraulic conductivities in the vertical direction 
were 0.1 the values in the horizontal direction, on the basis of simulation. 
The accuracy of the calibrated conductivities for the dune aquifer is 
considered to be higher than for the other deposits.

64



The calibrated model was used to evaluate the effects of different pumpage 
alternatives on ground-water levels and location of the regional freshwater- 
seawater interface. Independent calculations were used to determine if there 
would be local upconing of seawater into the dune aquifer beneath each pumped 
well and to estimate the chloride concentration in the water pumped from each 
well.

Model simulations indicated that a maximum of 17 Mgal/d could be pumped 
from existing and proposed production wells without causing the regional 
interface to encroach into the dune aquifer or inducing seawater to flow into 
the wells. However, the risk associated with pumping this quantity over time 
is uncertain because of the uncertainties associated with simulated results. 
A pumping rate of 17 Mgal/d is equivalent to 45 percent of the average annual 
ground-water recharge rate of 38 in./yr over the dune area. Simulations 
indicate that 10 Mgal/d could be pumped with little risk of seawater intrusion 
into the dune aquifer.

To minimize the probability of seawater rising into the dune aquifer in 
response to present (1987) pumpage, the model was used to test the 
redistribution of pumpage for the purpose of lowering the interface where its 
altitude was highest. On the basis of simulation, pumpage was reduced in the 
western well field and increased in the eastern well field.

The existing program of monitoring chloride concentrations in the dune 
aquifer needs to be expanded as the ground-water system is developed. If the 
ground-water system is developed to yield 10 Mgal/d or more, then chloride 
concentrations in the fine-grained deposits below pumping wells need to be 
monitored. This could be done through wells screened at depths of 100 and 200 
feet below the bottom of the dune aquifer. These wells would provide warning 
of the upward movement of seawater toward the wells and could provide 
information on the rate of movement of seawater.

The reliability of the numerical model could be improved most if data on 
the freshwater-seawater interface in the vicinity of the pumping wells were 
obtained.
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